Modulation of growth in response to environmental cues is a fundamental aspect of plant adaptation to abiotic stresses. TIP41 (TAP42 INTERACTING PROTEIN OF 41 kDa) is the Arabidopsis thaliana orthologue of proteins isolated in mammals and yeast that participate in the Target-of-Rapamycin (TOR) pathway, which modifies cell growth in response to nutrient status and environmental conditions. Here, we characterized the function of TIP41 in Arabidopsis. Expression analyses showed that TIP41 is constitutively expressed in vascular tissues, and is induced following long-term exposure to NaCl, polyethylene glycol and abscisic acid (ABA), suggesting a role of TIP41 in adaptation to abiotic stress. Visualization of a fusion protein with yellow fluorescent protein indicated that TIP41 is localized in the cytoplasm and the nucleus. Abolished expression of TIP41 results in smaller plants with a lower number of rosette leaves and lateral roots, and an increased sensitivity to treatments with chemical TOR inhibitors, indicating that TOR signalling is affected in these mutants. In addition, tip41 mutants are hypersensitive to ABA at germination and seedling stage, whereas over-expressing plants show higher tolerance. Several TOR-and ABA-responsive genes are differentially expressed in tip41, including iron homeostasis, senescence and ethylene-associated genes. In yeast and mammals, TIP41 provides a link between the TOR pathway and the protein phosphatase 2A (PP2A), which in plants participates in several ABA-mediated mechanisms. Here, we showed an interaction of TIP41 with the catalytic subunit of PP2A. Taken together, these results offer important insights into the function of Arabidopsis TIP41 in the modulation of plant growth and ABA responses.
INTRODUCTION
Abiotic stresses, such as increased soil salinity and water deficit, are primary environmental constraints to crop production. Plant adaptation to these environmental stresses is regulated by a complex network of signalling pathways and biochemical processes. Several of these adaptive mechanisms are triggered by an increase in endogenous abscisic acid (ABA) levels. In addition to stress responses, ABA mediates numerous processes in growth and development, including seed maturation and germination (Finkelstein, 2013) , stomatal movements (Albert et al., 2017) , root and seedling growth (Xiong et al., 2006; Duan et al., 2013) and leaf senescence (Song et al., 2016) . ABA is perceived by the PYR/PYL/RCAR (PYRABACTIN RESISTANCE; PYRABACTIN RESISTANCE-LIKE; REGULA-TORY COMPONENT OF ABA RECEPTOR) receptors, and induces a conformational change that enables these receptors to interact with and negatively regulate the type 2C protein phosphatases (PP2C; Fujii et al., 2009; Ma et al., 2009; Park et al., 2009) . This mechanism prevents the PP2Cs-mediated inactivation of SnRK2 kinases (sucrose non-fermenting 1-related protein kinase; Klingler et al., 2010) . ABA-activated SnRK2s phosphorylate an important class of transcription factors (TFs), AREB/ABF (ABA-RESPONSIVE CIS-ELEMENT BINDING PROTEIN/ABA-RESPONSIVE CIS-ELEMENT BINDING FACTOR), which induce the expression of several genes whose promoter regions contain ABRE motifs (ABA response element). These stress-related genes include RD29B, RAB18 and several basic leucine zipper (bZIP) protein-encoding genes (Jakoby et al., 2002; Shinozaki and Yamaguchi-Shinozaki, 2007; Hubbard et al., 2010; Klingler et al., 2010) .
Other important TFs, such as MYB-type TFs, are synthesized after the accumulation of endogenous ABA, indicating that they are also key components in the ABAdependent regulatory pathway (Abe et al., 2003; Valliyodan and Nguyen, 2006) . MYB44 interacts with the ABA receptor RCAR1/PYL9, reducing its inhibitory activity on ABA INSENSITIVE1 (ABI1; Li et al., 2014) . The interaction of MYB77 with the ABA receptor RCAR3/PYL8 promotes root growth, indicating that components of the ABA cascade can augment auxin signalling (Zhao et al., 2014) .
Exogenous ABA application is known to promote stomatal closure and reduce plant transpiration (Franks and Farquhar, 2001) . Several transporters located on the plasma membrane of guard cells are under the control of a SnRK2-type kinase, OPEN STOMATA1 (OST1/SnRK2.6). When released from PP2C inhibition, OST1 phosphorylates and activates stomatal closure mediators, such as anion transporter SLOW ANION CHANNEL-ASSOCIATED1 (SLAC1) and reactive oxygen species (ROS) generator AtrbohF (Geiger et al., 2009 (Geiger et al., , 2010 Sirichandra et al., 2010) . By contrast, OST1-operated phosphorylation results in the inactivation of mediators of stomatal opening, such as KAT1 (POTASSIUM CHANNEL IN ARABIDOPSIS THALIANA1). Leaf senescence induced by ABA was also shown to be mediated by the ABA receptor PYL9 and the core ABA signalling pathway (Zhao et al., 2016) . Furthermore, several studies showed that ABA affects shoot growth, also mediating the ethylene signalling pathway (Beaudoin et al., 2000; Thole et al., 2014) and biosynthesis (Luo et al., 2014; Van de Poel et al., 2015) .
The regulation of growth in response to environmental cues is a key process in plant adaptation to stress. TOR (TARGET OF RAPAMYCIN) is a Ser/Thr protein kinase evolutionarily conserved among all eukaryotes, which plays a central role in modulation of cell growth in response to unfavourable conditions as main coordinator of nutrient, energy and stress signalling networks (Wullschleger et al., 2006; Robaglia et al., 2012; Xiong and Sheen, 2014) . TOR was identified in Saccharomyces cerevisiae through genetic screening of mutants resistant to rapamycin, an immunosuppressant that inhibits human T-cell proliferation (Heitman et al., 1991) .
In yeast and mammals, TOR forms two large protein complexes with different structures and functions, TORC1 and TORC2 (TOR complex 1 and 2; Wullschleger et al., 2006) . In plants, the components of the TOR kinase complexes have not been precisely established. Several TORC1 conserved elements have been identified, such as RAP-TOR1 (REGULATORY ASSOCIATED PROTEIN OF TOR1)/ RAPTOR2, LST8-1/LST8-2 (LETHAL WITH SEC-13 PROTEIN8), S6K1 (S6 KINASE1)/S6K2 (Turck et al., 2004; Deprost et al., 2005; Moreau et al., 2012) . By contrast, specific components of TORC2 complex seem to be absent. Unique TOR complex may form in plants to serve different functions. TOR signalling regulates cell growth and proliferation by promoting anabolic processes, such as translation, transcription and ribosome biogenesis, and negatively regulating autophagy (Xiong and Sheen, 2012; Caldana et al., 2013; Schepetilnikov et al., 2013; Xiong et al., 2013) . Recent studies reported that TOR plays a crucial role in embryogenesis, meristems activation, root and leaf growth (Xiong et al., 2013; Li et al., 2017) . In Arabidopsis, raptor1 and lst8 mutants display retarded growth, delayed flowering and an increased branching (Anderson et al., 2005; Deprost et al., 2005; Moreau et al., 2012) .
In yeast, the main channels for TOR signalling are the PP2A (protein phosphatase 2A) and the regulatory proteins TAP42 (2A PHOSPHATASE ASSOCIATED PROTEIN OF 42 kD) and TIP41 (TAP42 INTERACTING PROTEIN OF 41 kDa; Jacinto et al., 2001) . Homologues of these latter yeast proteins are present in plants as TAP46 and TIP41, respectively, while PP2A has different isoforms depending on subunit composition.
The functional PP2A holoenzyme is composed of one catalytic subunit (PP2Ac), a regulatory subunit (PP2Ab) and a scaffolding subunit (PP2Aa). Each of these subunits is encoded by several alleles, giving rise to 255 possible PP2A complexes in Arabidopsis (Lillo et al., 2014) . Based on mutant analysis, PP2A complexes are thought to be functionally distinct and affect multiple processes, including ethylene signalling (Saito et al., 2008; Skottke et al., 2011; Charpentier et al., 2014) , as well as regulation of growth and development (Zhou et al., 2004; Blakeslee et al., 2008 ). An ABA hypersensitive phenotype has been described for the pp2ac-2 mutant, lacking isoform 2 of the catalytic subunit (Pernas et al., 2007) , while disruption of RCN1, encoding a PP2Aa subunit, causes ABA insensitivity in guard cells and at seed germination stage (Kwak et al., 2002) .
The PP2A-associated protein TAP46 is phosphorylated by the TOR kinase and regulates the PP2A activity via binding to PP2Ac. Silencing of TAP46 causes a dramatic reduction in plant growth and development, with decrease of protein synthesis rate, indicating that TAP46 acts as a positive effector of the TOR pathway (Ahn et al., 2011) . Abolishment of TAP46 expression causes an increase in total PP2A activity and a lower ABA sensitivity (Hu et al., 2014) . Furthermore, TAP46 was shown to interact with and promote protein stability of ABI5, thus having a positive effect on ABA-dependent gene expression (Hu et al., 2014) .
In this study, we show that TIP41 is constitutively expressed in vascular tissues, and is regulated by longterm exposure to NaCl, ABA and polyethylene glycol (PEG). The abolished expression of TIP41 leads to growth defects and increased sensitivity to a chemical inhibitor of the TOR kinase. ABA hypersensitive phenotypes at germination and seedling stage as well as to a reduction in root growth are shown by tip41 mutants, whereas transgenic plants over-expressing TIP41 are more tolerant to ABA treatment. TIP41 encodes a nuclear-and cytoplasm-localized protein that interacts with PP2Ac subunit, suggesting a regulatory role of TIP41 on PP2A activity that may be similar to the mammalian and yeast orthologues. Transcriptome analysis of tip41 revealed changes in expression of genes involved in metal ion homeostasis, consistent with the severe phenotype of plants lacking TIP41 under iron starvation. Interestingly, changes in expression of specific stress-related genes were also observed, indicating that TIP41 affects different pathways in the ABA-mediated response to osmotic stress. Altogether, our results support a role of TIP41 in the TOR pathway regulation of plant growth in the ABA-mediated response to environmental stimuli.
RESULTS

TIP41 expression is ubiquitous and affected by long-term stress and ABA treatments
In a previous report, the Solanum tuberosum gene corresponding to EST621932 (GenBank accession no. BQ514517, best match LOC102597299 of the genome), encoding a TIP41-like family protein, was shown to be specifically downregulated in potato cells adapted to high concentrations of PEG, used to induce osmotic stress (Ambrosone et al., 2017) . To functionally analyse the role of TIP41 in abiotic stress responses, we selected the Arabidopsis TIP41 orthologue At4g34270 (Scorsato et al., 2016; Figure 1a) . As indicated by the alignment of the deduced amino acid sequence of Arabidopsis TIP41 with orthologues from S. cerevisiae and Homo sapiens, as well as from Oryza sativa and Solanum tuberosum, a high degree of conservation indicates that the function of TIP41 might be conserved among eukaryotes (Figure 1a) . First, the expression pattern in Arabidopsis tissues and in response to treatments was verified.
In silico analysis of gene expression in different Arabidopsis tissues using the eFP platform (Winter et al., 2007) showed that TIP41 is expressed ubiquitously, with the lowest level detected in mature pollen (Figure 1b) .
Transgenic Arabidopsis plants expressing the b-glucoronidase (GUS) gene driven by the TIP41 putative promoter were generated, to assess the spatial and temporal patterns of TIP41 promoter activity. GUS activity was visualized in 10-day-old seedlings and in adult plants in vascular tissues both in leaves and roots (Figure 2e and f). In flowers, TIP41 promoter induced GUS expression in the style tissues and in the receptacle (Figure 2d ).
To verify whether TIP41 is a stress-responsive gene, we analysed expression levels in seedlings during exposure to salt (NaCl) and osmotic (PEG) stress, and ABA. Short-term treatments did not greatly affect TIP41 transcript levels (Figure 2g ), while long-term exposure induced significant changes. After 2 days, ABA and NaCl induced a 3-3.5-fold increase, respectively, in TIP41 expression compared with the control (Figure 2h ). Upregulation of the gene caused by ABA was maintained after 5 days, and similar upregulation was observed at the same time point in PEG treatment. In all the tested conditions, TIP41 expression values were lower than those of control plants after 7 days, indicating that TIP41 transcript levels are increased by stress and ABA treatments after 2 or 5 days, and drastically decrease after longer exposure.
TIP41 encodes a cytoplasmic protein, which interacts directly with the catalytic subunit of PP2A
In order to investigate the subcellular localization of the protein encoded by TIP41, transgenic plants over-expressing the fusion protein between the yellow fluorescent protein (YFP) and TIP41 were generated. Three transgenic lines expressing both C-and N-terminal YFP fusions were analysed. Root apex, where vacuoles are reduced in size, was counterstained through incubation in propidium iodide and observed by confocal microscopy. A clear YFP signal was observed in the cytoplasmic area of young 35S::TIP41-YFP seedlings (Figure 3a) . Similar results using transgenic plants expressing a N-terminal YFP fusion with TIP41 were observed. The localization of the reporter was also compared with 4',6-diamidino-2-phenylindole (DAPI), a nuclear tracker (Figure 3b ). Interestingly, a partial overlap with DAPI signal revealed that TIP41 may be present in both the cytoplasm and the nucleus.
To confirm this dual localization, the TIP41-YFP was transiently expressed in Nicotiana benthamiana using agroinfiltration and in protoplasts prepared from Nicotiana tabacum. In both systems, the fluorescence signal was located to the nucleus and cytoplasm, thus confirming the initial observation in Arabidopsis (Figure 3c and d) .
In yeast, TIP41 plays an important role in the regulation of activity of PP2A, a major Ser/Thr phosphatase, through the interaction with TAP42 (Jacinto et al., 2001) . The mammalian orthologue of TIP41, also known as TIPRL, directly associates with the catalytic subunit of PP2A (McConnell et al., 2007) . In order to evaluate if TIP41 regulates the phosphatase in plants, the Arabidopsis At1g59830, encoding the catalytic subunit of PP2A (PP2A-C1) was used in a yeast two-hybrid assay. The interaction was observed in both combinations (TIP41-bait/PP2Ac-prey and TIP41-prey/ PP2Ac-bait), suggesting that in plants as well as in mammalian cells, TIP41 can interact directly with PP2A (Figure 4a) . No interaction of TIP41 was observed in yeast with TAP46, the Arabidopsis orthologue of TAP42 (At5g53000; Figure S1 ). (a) Amino acid sequence alignment of TIP41. The sequences of TIP41 from Saccharomyces cerevisiae (KZV07556.1), Homo sapiens (NP_690866.1), Oryza sativa (BAF13260.1), Arabidopsis thaliana (NP_195153.2) and Solanum tuberosum (XP_006356490.1) were aligned using MUSCLE. Different colours showing the amino acid conservation and properties were obtained using BoxShade (black: conserved residues; grey: residues with similar proprieties). On the alignment, secondary structure organizations are shown following Scorsato et al. (2016) ; arrows indicate beta sheets, boxes represent alpha (labelled as a) or 310 (labelled as g) helices.
(b) Expression levels of TIP41 based on Arabidopsis microarray data displayed in the eFP browser. Data are normalized by the GCOS method, TGT value of 100.
To confirm in planta the interaction between TIP41 and PP2A-C1, a split-reporter system was employed in tobacco protoplasts by transient co-expression of TIP41 and PP2A-C1 fused to complementary fragments of the YFP. A reconstituted fluorescence signal was observed (Figure 4b ), thus confirming the results obtained in yeast, and localizing the interaction to the cytoplasm and the nucleus, consistent with the dual localization to these compartments of PP2A and TIP41.
Manipulation of TIP41 expression leads to changes in ABA sensitivity
To characterize the function of TIP41 in response to osmotic stress and/or ABA, we used two transfer DNA (T-DNA) transcriptase-polymerase chain reaction (qRT-PCR) in 7-day-old seedlings after 3, 6 and 9 h of exposure to NaCl (120 mM) and abscisic acid (ABA; 50 lM). Data were normalized using RNA from untreated seedlings, and the elongation factor EF1a was used as reference gene. Data reported are means AE SD of three biological replicates. The asterisks indicate significant differences compared with control condition according to Student's t-test (*P ≤ 0.05, **P ≤ 0.01). (h) Relative expression of TIP41 measured as in (g), after 2 (2d), 5 (5d) and 7 days (7d) of exposure to NaCl (120 mM), ABA (10 lM) or polyethylene glycol (PEG; 35% W/V). insertion mutants, tip41_1 and tip41_2. The presence of the T-DNA insertion in the intron of TIP41 caused a complete abolishment of gene expression in tip41_1 ( Figure S2a and b). In tip41_2, a shorter transcript whose level was lower compared with wild-type resulted from the skipping of the seventh exon (129 bases; Figure S2a -c). The transcript produced in tip41_2 was sequenced and predicted to encode a protein with a deletion corresponding to amino acids 205-248 of the wild-type protein, which are highly conserved in TIP41 across different organisms (Scorsato et al., 2016) , indicating that defective TIP41 produced in tip41_2 may not be functional. Transgenic plants over-expressing TIP41 fused (N-or Cterm) with FLAG tag were also generated. We analysed over 20 independent transgenic lines and observed a higher expression in plants obtained with the 35S::FLAG-TIP41 construct. Three transgenic lines (#17,#18, #20) were selected for further analyses and TIP41 expression was compared with wild-type, resulting in lines #18 and #20 with similar levels of expression (about 3.5-fold higher than the wild-type), whereas line #17 had the highest expression (about 25-fold; Figure S2d ).
Interestingly, both tip41_1 and tip41_2 had a decreased shoot and root growth, characterized by plants with a smaller number of leaves at flowering in the rosette and a decreased number of lateral roots ( Figure S3 ). Because such defects are often associated to alterations in TOR signalling (Deprost et al., 2007) , and protein sequence similarity suggests that TIP41 might be a component of the TOR pathway, we tested the sensitivity of mutants and over-expressing lines to the active site TOR inhibitor (asTOR) AZD-8055, which has been shown to be an efficient and specific inhibitor of TOR in plants . No significant difference was observed between wild-type and TIP41 over-expressing lines (Figure 5a ). By contrast, tip41 mutants showed delayed germination in the presence of AZD-8055, demonstrating hypersensitivity to TOR inhibition compared with Col-0.
Loss-and gain-of-function lines were used for a phenotype study of the effect of ABA and NaCl treatments at different developmental stages.
The presence of ABA during germination led to a reduced ability to germinate of tip41_1 and tip41_2, whereas the over-expression of TIP41 determined an increased tolerance to different concentrations of the hormone compared with wild-type (Figure 5b-d). After 2 days of exposure to 0.5 lM ABA, an average 90% of 35S::FLAG-TIP41 seeds were germinated (Figure 5b ), and after 5 days all seeds showed fully expanded cotyledons, whereas less than 40% knockout mutants presented well-developed cotyledons, compared with about 90% in wild-type ( Figure 5c ). Higher concentrations of ABA highlighted the difference between genotypes. In the presence of 2 lM ABA, 73% of wild-type seeds were germinated after 3 days, compared with only 52% and 46% of tip41_1 and tip41_2, while TIP41 over-expressing plants, with over 90% seeds germinated, were insensitive to ABA (Figure 5d ). On control media, all genotypes showed similar germination efficiency (Figure 5e ).
Plants lacking TIP41 showed severe reduction (about 50%) of primary root development in the presence of ABA compared with control. In contrast, roots of over-expressing plants displayed a slightly increased length (Figure 6a and b) .
Although the presence of salt in the germination medium did not determine significant difference between genotypes in their ability to germinate, the analysis of primary root development showed a slight sensitivity to NaCl of knockout mutants compared with wild-type. The opposite phenotype of TIP41 over-expressing plants was also observed (Figure 6c ).
Transcriptomic and phenotype alterations in plants lacking TIP41
To gain insight into the function of TIP41, we analysed changes in gene expression in response to control and ABA treatment in plants lacking TIP41 and the wild-type by RNA sequencing. Raw sequences are deposited in NCBI Sequence Read Archive, bioproject PRJNA417368, biosample accessions SAMN07998639-SAMN07998650.
Interestingly, besides TIP41, which, as expected, was downregulated in the knockout mutants in both conditions (Tables 1 and 2 ), the comparison with Col-0 showed a limited number of genes differentially expressed in tip41_1 without overlapping between control and treatment ( Figure S4 ). In control conditions, 20 and 71 genes were significantly up-or downregulated in tip41_1 compared with Col-0. The results of RNA-seq analysis were validated using quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) on representative genes (Table S2 ). Fold changes detected by RNA sequencing method were compared with relative expression values obtained by qRT-PCR ( Figure S5 ). As shown in Figure S5 (c), a high correlation (R 2 = 0.87) was observed between the two sets of data.
Gene ontology (GO) categories enriched in control conditions suggest a role of TIP41 in several biological processes, such as proline catabolic process (At3g30775, EARLY RESPONSIVE TO DEHYDRATION5), root development (At4g29180, ROOT HAIR SPECIFIC16; At1g52240, RHO OF PLANTS GUANINE NUCLEOTIDE EXCHANGE FACTOR 11, ATROPGEF11), cell growth (At1g09790) and seed germination (At1g09090, RESPIRATORY BURST OXIDASE HOMO-LOG B RBOHB), regulation of stomata closure (At3g05030, SODIUM HYDROGEN EXCHANGER2), as well as ion transport, regulation of pH and response to salt stress ( Figure S6 ).
Several genes involved in iron transport and homeostasis, such as VACUOLAR IRON TRANSPORTER-LIKE2 (ATVTL2) and ATVTL5, IRON-REGULATED TRANSPOR-TER1 (IRT1), FERRIC REDUCTION OXIDASE2 (FRO2) and IRON REGULATED2 (IREG2) were downregulated in knockout mutants in control conditions, suggesting that TIP41 may have a role in metal ion homeostasis. We therefore tested loss-and gain-of-function lines of TIP41 under iron starvation conditions. In the presence of low or no iron, tip41_1 and tip41_2 showed severe reduction (about 50%) of primary root development compared with control, while no consistent difference was detected in over-expressing lines (Figure 6d and e) .
Members of the aminocyclopropane-1-carboxylic acid synthase (ACS) family showed altered expression in knockout mutants both in control and ABA treatment (Tables 1  and 2 ), suggesting that the absence of TIP41 may affect ethylene biosynthesis.
After ABA treatment, a total of 44 and 94 genes were differentially up-or downregulated in tip41_1 compared with the wild-type, respectively ( Figure S4) .
Interestingly, genes involved in response to ethylene and NaCl (At4g11650, OSMOTIN34; At3g04720, HEVEIN-LIKE), and ABA (At4g37050, PATATIN-LIKE PROTEIN4; At5g28520, JACALIN-RELATED LECTIN40) were upregulated in tip41_1 after hormone treatment.
The GO enrichment analysis indicated that the downregulated genes were related to ABA transport (i.e. At1g15520, ABC TRANSPORTER G FAMILY MEMBER40, a member of ABC transporter family), and response to stress, stimuli and ions ( Figure S7 ), suggesting that these functions are regulated by TIP41 during exposure to ABA. These (a) Germination was scored in terms of radicle emergence after 2 days of exposure to different concentrations of the TOR inhibitor AZD-8055 (0 lM; 2 lM; 5 lM). Germination percentage in terms of radicle emergence (b) and cotyledon expansion (c) in the presence of 0.5 lM abscisic acid (ABA). Germination percentage in terms of radicle emergence in the presence of 2 lM ABA (d) and control conditions (e). Data reported are means AE SE (n = 150) of five biological replicates. The asterisk denotes a significant difference compared with wild-type according to Student's t-test (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001). included ABR1 (ABA REPRESSOR1) and ERF019, two ethylene-responsive TFs (Table 2) . Interestingly, AMMONIUM TRANSPORTER 1;3 (AMT1;3) and PHOSPHATE TRANSPORTER1;1 (PHT1;1) were also downregulated in ABA-treated tip41_1, providing a possible indication that TIP41 might be involved in the modification of the nutrient uptake and/or distribution following ABA accumulation.
DISCUSSION
In this study, we have shown that TIP41 is required for proper TOR signalling and to regulate ABA sensitivity in Arabidopsis.
TIP41 is the plant orthologue of regulatory proteins isolated in mammals and yeast (Scorsato et al., 2016) that participates in the TOR pathway, a central pathway for energy signalling that regulates plant growth in response to nutrient availability and environmental conditions. We originally identified TIP41 as downregulated in potato cells adapted to osmotic stress (Ambrosone et al., 2017) , a system that was successful in isolating important components of abiotic stress responses (Ambrosone et al., 2015) . In Arabidopsis, promoter activity as well as in silico expression analyses showed that TIP41 is widely expressed in adult plants and seedlings, with high promoter activity in vascular tissues (Figures 1 and 2) . On the basis of its ubiquitous expression, TIP41 has been used in multiple gene expression studies as a reference gene (Czechowski et al., 2005) . However, it has been recently shown in carrot that expression of TIP41 is perturbed following ABA treatments (Tian et al., 2015) . Consistent with the observed downregulation in PEG-adapted potato cells Locus: AGI code of the DE gene; logFC: fold-change calculated as the logarithmic (base 2) ratio of the expression levels; P-value: P-value of the statistical test; FDR: P-value corrected for multiple testing (Benjamini-Hochberg); Gene name: official gene name; Gene description: official gene description. (Ambrosone et al., 2017) , gene expression analyses on long-term treated plants showed that Arabidopsis TIP41 was downregulated after 7 days of exposure to NaCl, ABA or PEG, following a transient upregulation (Figure 2 ). Phenotype analyses indicate that manipulation of TIP41 transcript levels has a dramatic impact on ABA sensitivity. Two T-DNA alleles with abolished TIP41 expression or producing an aberrant transcript showed hypersensitivity to the hormone during seed germination and root growth, whereas three over-expressing lines had a reduced sensitivity to ABA, more pronounced in the line with highest expression of TIP41 (Figures 5 and 6 ). Therefore, TIP41 appears to be involved in ABA responses at multiple levels, concerning seeds, roots and aboveground tissues, suggesting that the affected molecular process is not tissue/developmental stage-specific or that multiple processes are affected. In addition, the TOR inhibitor AZD-8055 reduced the germination of tip41 seeds in a dose-dependent manner, indicating that tip41 seeds are defective in TOR signalling. This observation is consistent with phenotypic alterations observed in tip41 mutants, which include a reduced shoot (Berkowitz et al., 2008) . Mutations in the LETHAL WITH SEC THIRTEEN8 (LST8), a member of the TOR complex, resulted in reduced vegetative growth (Moreau et al., 2012) , while silencing of Arabidopsis TOR kinase led to reduced shoot and root growth (Deprost et al., 2007) . Vice versa, over-expression of Arabidopsis TOR in rice led to an increase in the number of lateral roots (Bakshi et al., 2017) . Transcriptome analysis of tip41_1 in control conditions (Table 1 ) revealed a possible role of TIP41 in metal ion homeostasis, reflected in an enrichment of GO categories, such as 'cellular response to iron ion', 'nickel cation transport', 'zinc iron transmembrane transport'. In particular, downregulation was observed for ABCG37/PDR9, FRO2 (Fourcroy et al., 2016) . Similarly, the vacuolar iron transporter1-like proteins, ATVTL2 and ATVTL5, which are proposed to participate in the maintenance of Fe homeostasis in planta were downregulated (Gollhofer et al., 2014) . Uptake of inorganic nutrients is an essential anabolic process, and downregulation of relevant transporters in tip41_1 may result in the observed reduced growth and increased sensitivity to iron starvation conditions (Figure 6) . Furthermore, downregulation of FRO2 and IRT1 was previously reported in conditions of TOR inhibition (Ren et al., 2012) , thus indicating that TIP41 may assist TOR in regulating this particular aspect of growth. Studies have shown that Fe deficiency causes the upregulation of several genes involved in the ethylene biosynthesis and signalling (Garc ıa et al., 2010) . The alteration of the expression in tip41_1 of members of ACS (ACS4, ACS11), key enzymes involved in the ethylene biosynthesis, suggests that TIP41 may affect the regulation of ethylene production induced by Fe deficiency. Analysis of the transcripts misregulated in tip41_1 after ABA treatment (Table 2) indicates the molecular basis of the observed phenotype defects as well as the mechanisms impacted by TIP41. In the presence of the phytohormone, a downregulation of ABA REPRESSOR1 (ABR1) and ETHYLENE-RESPONSIVE TRANSCRIPTION FACTOR019 (ERF019), two APETALA2-ethylene response TFs, was observed. abr1 mutants accumulated higher levels of stress-responsive transcripts, indicating that ABR1 functions as a repressor of ABA responses (Pandey et al., 2005) . ERF019 was functionally characterized through overexpression, showing its positive role in drought stress tolerance, through modulation of stomatal aperture and transpiration rate, a phenomenon that is largely dependent on ABA (Verslues et al., 2006; Ruggiero et al., 2017; Scarpeci et al., 2017) . In addition, ERF019 was also shown to delay flowering and senescence. By contrast, ANAC087, a NAC type TF, was upregulated in tip41_1 treated with ABA. ANAC087 binds to the promoters of chlorophyll catabolic genes, and its close homologue ANAC046 was found to induce senescence in Arabidopsis (Oda-Yamamizo et al., 2016) . Further, ENDONUCLEASE1/BIFUNCTIONAL NUCLE-ASE1 (ENDO1/BFN1), a gene encoding for a nucleic acid endonuclease previously associated to leaf senescence (Sakamoto and Takami, 2014) , was upregulated. It is therefore possible that the increased expression of ANAC087 and ENDO1, along with the decreased expression of ERF019, accelerates senescence in the presence of ABA contributing to the hypersensitivity of tip41 mutants. The described expression changes may also contribute to explain the accelerated senescence at later developmental stages, which has been previously reported for tip41 mutants (Kataya et al., 2016) .
In addition, the observed downregulation of CALMODU-LIN-LIKE24 (CML24) is especially intriguing. CML24 was previously shown to modulate the activity of the autophagy protein ATG4, therefore affecting autophagy, a cellular degradation process induced during nutrient starvation conditions through inhibition of the TOR pathway (Liu et al., 2010; Tsai et al., 2013) . Among the few genes upregulated in tip41, we identified OSM34 and PLP4, an osmotin-like gene recently reported to be differentially regulated between Arabidopsis ecotypes differing in sensitivity to low osmotic potential stress (Sharma et al., 2013) . Osmotin-type proteins have defensive roles in biotic and abiotic stress conditions (Narasimhan et al., 2009) , while PLP4 encodes a phospholipase D whose transcript is inducible by ABA, indicating that specific ABA-and stress-responsive pathways are overly induced in tip41.
A misregulation was also observed in the case of ABCG40, a transporter protein that facilitates ABA entrance to the cytosol of guard cells (Kang et al., 2010) . The downregulation of ABCG40 may reflect an attempt in tip41 to attenuate the ABA signal in leaves by reducing its transport.
Based on the transcriptome analyses, it appears that lack of TIP41 results in downregulation of several ABA-related processes, including senescence-associated gene expression and ABA transport-related genes, while inducing expression of specific stress-response pathways.
The TIP41 protein localization observed here to the cytoplasm and to the nucleus (Figure 3) is consistent with previous reports (Kataya et al., 2016) , as well as with the predicted localization of homologues in yeast and mammals, in which a function for TIP41 has been established (Jacinto et al., 2001; McConnell et al., 2007) .
In yeast, TIP41 together with the interaction partner TAP42 constitutes a point of connection between the TOR pathway and the PP2A phosphatase, a holoenzyme composed of a catalytic subunit and two regulatory subunits, all of which may be encoded by different isoforms. When the TOR kinase is active, TAP42 is phosphorylated and binds to the PP2A catalytic subunit, causing dissociation of the holoenzyme and inhibition of PP2A activity. When TOR is inactive, for example during nitrogen starvation conditions, TIP41 inhibits TAP42 through physical interaction, causing release of the PP2Ac from inhibition and activation of the PP2A (Jacinto et al., 2001) . Yeast TIP41 was shown to directly interact with certain PP2Ac subunits in the yeast two-hybrid assay (Gingras, 2005) . However the importance of this direct interaction is still poorly understood.
Yeast two-hybrid and split-YFP experiments indicated that TIP41 is able to interact with the catalytic subunit of PP2A also in Arabidopsis (Figure 4 ). In mammals, the TIP41 orthologue TIPRL interacts with a4 (the mammalian counterpart of TAP42) and directly associates to PP2A catalytic subunit, suppressing PP2A activity in vivo thus promoting the mTORC1 signalling (Smetana and Zanchin, 2007) . Therefore, TIP41 may regulate PP2A activity directly or through interaction with TAP46 depending on the organism, resulting in activation or inhibition of PP2A activity in yeast and mammals, respectively.
In plants, links between key components of the TOR pathway and ABA responses have been reported. In a recent study, ectopic expression of the Arabidopsis TOR kinase in rice was shown to induce insensitivity to ABA at the seed germination stage (Bakshi et al., 2017) . Overexpression of TAP46 (the plant counterpart of TAP42; Ahn et al., 2011) caused hypersensitivity to ABA and decreased PP2A activity when over-expressed in Arabidopsis. In addition, TAP46 was found to interact with (ABA INSENSI-TIVE5) ABI5 and promote expression of ABI5 downstream genes, altogether indicating that TAP46 promotes ABA responses (Hu et al., 2014) . A screening for mutants insensitive to treatment with TOR inhibitors yielded a new allele of abi4 (Li et al., 2015) . Recently, a reciprocal regulation was shown between TOR and ABA signalling, where in unstressed conditions TOR phosphorylates ABA PYL receptors promoting the dissociation from ABA and PP2C phosphatases, effectively inactivating the ABA signalling cascade and promoting growth. Vice versa, in the presence of ABA, SnRK2 kinases phosphorylate Raptor, a member of the TOR complex and promote dissociation of the complex during unfavourable environmental conditions (Wang et al., 2018) . Finally, different PP2A subunits interact with SnRK2s, protein kinases that are major components of the ABA signalling cascade, and analysis of multiple pp2a mutants confirmed that PP2As are involved in ABA responses (Waadt et al., 2015) . In particular, depending on the tissue, PP2As were described as positive regulators (seeds, guard cells) or as negative regulators (roots) of ABA responses (Waadt et al., 2015) .
Our results add TIP41 to the group of TOR/PP2A components that interfere with the ABA response pathway and indicate that TIP41 may act as a regulator of PP2A activity. Based on the phenotype, TIP41 exerts an opposite function as compared with TAP46 (Hu et al., 2014) , similarly to what happens in yeast. Purification of protein complexes may reveal if TIP41 associates with TAP46 directly or if oligomers containing TIP41/TAP46 and PP2A are formed, and may identify additional targets of TIP41.
Conclusions
We have shown that TIP41 is a regulator of TOR signalling and ABA sensitivity in Arabidopsis at multiple developmental stages. Based on transcriptomic analyses and protein interaction assays, TIP41 provides a point of connection between the ABA signalling cascade and the TOR pathway for modulation of plant growth in response to environmental stimuli, through interaction with PP2A. Given the number of possible PP2A holoenzyme combinations, it remains to be established whether TIP41 affects in a similar way the different isoforms and how the action of TIP41 is integrated with other known regulators of PP2A.
EXPERIMENTAL PROCEDURES Plant materials, growth conditions and stress treatments
Arabidopsis plants of the Columbia (Col-0) ecotype were used in this study. The two T-DNA insertion mutants tip41_1 (SALK_ 006384) and tip41_2 (SALK_ 113161) were obtained from the Nottingham Arabidopsis Stock Centre (NASC). Homozygous plants were selected by PCR using gene-specific and T-DNA-specific primers designed by the T-DNA Express primer design tool (http://sig nal.salk.edu/tdnaprimers.2.html). The PCR reaction conditions were: 94°C for 5 min, then 94°C for 15 sec, 57°C for 30 sec and 72°C for 1 min, 40 cycles, followed by an extension of 10 min at 72°C. Primers used are listed in Table S1 .
For germination analysis, seeds were sown on GM medium (1 9 MS salts, 0.5% sucrose, pH 5.7) or medium supplemented with different concentrations of AZD-8055 (2 lM, 5 lM) or ABA (0.5 lM, 2 lM). After stratification at 4°C for 2 days, seeds were transferred to a growth chamber (16 h light and 8 h dark at 24°C). Five biological replicates, using 30 seeds per genotype each, were evaluated. Germination was scored daily in terms of radicle emergence or fully expanded cotyledons.
Root growth was evaluated using seedlings germinated for 4 days on GM (1 9 MS salts, 3% sucrose, 1.4 g L À1 MES, pH 5.7), and transferred to medium containing ABA (20 lM, 50 lM) or NaCl (80 mM, 120 mM). Primary root length was measured 12 days after transfer. Two different experiments, with five biological replicates each, were conducted using three plants per genotype in each replicates. Iron starvation analyses were conducted using 30 seeds per genotype. Seeds were sown on iron-sufficient medium (100 lM Fe), low-iron medium (30 lM Fe) or no-iron medium (without Fe). Root length was measured after 7 days.
For gene expression studies, 7-day-old seedlings grown on GM plates were transferred to GM or GM containing NaCl (120 mM) and ABA (50 lM) for 3, 6 and 9 h, or NaCl (120 mM), ABA (10 lM) or PEG (35% w/v) for 2, 5 and 7 days.
RNA-seq analyses were carried out using 12-day-old seedlings grown on GM medium, and transferred to GM or ABA-containing medium (50 lM) for 3 h prior to RNA extraction.
Isolation of RNA, cDNA synthesis, semi-qRT-PCR and qRT-PCR Total RNA was extracted from 100 mg Arabidopsis seedlings using RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). RNA quantity was mesaured by NanoDrop ND-1000 Spectrophotometer (NanoDropTechnologies,Wilmington, DE, USA), and RNA quality was evaluated on a denaturing agarose gel. The complementary DNA was synthesized from 1 lg total RNA using QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany), according to manufacturer's instructions; 1 ll of cDNA was used for semi-qRT-PCR reaction. After the initial denaturation step of 94°C for 5 min, the cycling conditions were: 94°C for 30 sec, 57°C for 30 sec and 72°C for 1 min, 35 cycles, followed by an extension of 10 min at 72°C. For qRT-PCR, 4.5 ll of diluted (1:20) cDNA was used with 6.25 ll of 1 9 Platinum SYBR Green qPCR SuperMix (Life Technologies, Carlsbad, CA, USA) and 1.75 ll of primer mix (5 lM) for each reaction. PCR was performed using ABI 7900 HT (Applied Biosystems, Foster City, CA, USA). Three biological replicates were tested with three technical replicates. The relative quantification of gene expression based on the 2
ÀDDCt method (Livak and Schmittgen, 2001 ) was performed using the elongation Factor EF1a as endogenous reference gene and RNA extracted from plants grown in control condition as calibrator sample. Primers used are listed in Table S1 .
Generation of TIP41 transgenic plants
Gateway technology (Life Technologies, Carlsbad, CA, USA) was used to obtain binary vectors for promoter and protein localization studies as well as to produce transgenic over-expressing plants. The putative promoter of TIP41 (At4g34270.1), corresponding to 2 kb upstream of ATG, was amplified from genomic DNA extracted from Col-0 plants. The coding sequences were amplified with or without STOP codon to warrant correct N-terminus and C-terminus fusion with tags. PCR amplifications were carried out using Phusion DNA polymerase (Thermo Scientific, Waltham, MA, USA). Primers used are listed in Table S1 . The promoter and coding sequences were cloned into pDONR207 (Life Technologies, Carlsbad, CA, USA) using BP clonase to obtain entry vectors. LR clonase was used for recombination with destination vectors, which were pMDC164 (Curtis and Grossniklaus, 2003) for promoter studies, pEG101 and pEG104 (Earley et al., 2006) for protein localization studies, and pGWB411 and pGWB412 (Nakagawa et al., 2007) to produce FLAG-tagged over-expressing plants. Wild-type Col-0 plants were transformed using Agrobacterium tumefaciens strain GV3101 carrying different binary vectors using the floral dip method (Clough and Bent, 1998) . T1 seeds obtained from the dipped plants were plated on media containing carbenicillin (10 mg L 
GUS assay
Arabidopsis transgenic plants transformed with the construct TIP41promoter::GUS were used for GUS activity measurements. The histochemical detection of GUS activity was performed as described by Batelli et al. (2012) . The tissues were washed in 70% ethanol and cleared with chloralhydrate/glycerol solution.
Transient expression assay
Four-week-old N. benthamiana plants were used for transient expression assays. Young leaves were infiltrated with A. tumefaciens LBA4404 transformed with 35S::TIP41-YFP construct. Bacteria were cultured on liquid medium supplemented with 50 mg L À1 kanamycin, 10 mM MES-KOH, pH 5.7 and 20 lM acetosyringone, and incubated overnight at 28°C. Bacteria were pelleted by centrifugation and re-suspended in 20 ml of infiltration buffer (10 mM MgCl 2 , 10 mM MES-KOH, pH 5.7, 150 lM acetosyringone), to an OD 600 of 0.5, and incubated at room temperature in the dark with shaking for 3 h before infiltration. Leaves were observed 4 days after infiltration.
Confocal imaging
Confocal microscopy analyses were performed on an Inverted Z.1 microscope (Zeiss, Germany) equipped with a Zeiss LSM 700 spectral confocal laser-scanning unit (Zeiss, Germany). Samples were excited with a 488 nm, 10 mW solid laser with emission split at 505 nm for YFP and at 531 nm for propidium iodide detection, and with a 405 nm, 10 mW solid laser with emission split at 420 nm for DAPI detection. Propidium iodide staining was carried out as described previously (Sassi et al., 2012) . DAPI (1 lg ml À1 ) was dissolved in VECTASHIELD Mounting Media.
Yeast two-hybrid assay
For yeast two-hybrid assay, the coding sequences of TIP41 and PP2Ac-1 (At1g59830) were cloned in frame with the GAL4 DNA binding-domain in the bait plasmid pGBKT7 (Clontech, Mountain View, CA, USA) digested with EcoRI and BamHI, and with the GAL4 activation-domain in the prey vector pGADT7 (Clontech, Mountain View, CA, USA) digested with EcoRI and XhoI. Both combinations were co-transformed into S. cerevisiae AH109 strain using the LiAc method (Bai and Elledge, 1996) , and plated on SD/ LeuÀ, TrpÀ medium (7.5 g L À1 Yeast Nitrogen Base, 0.75 g L À1 amino acid mix lacking Leu, Trp, Ade and His, 20 g L À1 glucose, pH 5.8). An equal amount of overnight-grown yeast culture was dropped onto selective media SD/LeuÀ, TrpÀ to guarantee the presence of both vectors, and on SD/LeuÀ, TrpÀ AdeÀ HisÀ, to verify the interaction. Empty vectors pGBKT7 and pGADT7 were used in co-transformations as negative controls.
Bimolecular fluorescence complementation assay
The CDS of TIP41 and PP2A-C1 were fused downstream of the C-terminal and upstream of N-terminal regions of YFP, using pUGW2 and pUGW0 vectors, respectively (Nakagawa et al., 2007) . Primers used are listed in Table S1 . Leaf protoplasts were prepared and transformed according to Pedrazzini et al. (1997) , using 3-week-old N. tabacum plants. DNA (40 lg of each construction) was introduced into 1 9 10 6 protoplasts by PEG-mediated transfection. Both constructs were also co-transformed with nYFP or cYFP empty vectors as negative control. After 16 h incubation in the dark at 25°C, YFP fluorescence in protoplast cells was detected by confocal microscopy.
(Qiagen, Hilden, Germany) following manufacturer's protocol. RNA samples were analysed to assess amount and quality by Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA).
Library construction and sequence run was performed as previously described (Iovieno et al., 2016) . Briefly, the Illumina TruSeq RNA Sample Preparation Kit (Illumina, SanDiego, CA, USA) was used for library construction prior to sequencing using the Illumina platform HiSeq2500 with 100-bp paired-end reads in triplicate and $ 30 million reads per replicate were obtained. The sequencing service was provided by Genomix4life (http://www.ge nomix4life.com) at Laboratory of Molecular Medicine and Genomics (University of Salerno, Italy).
Before transcriptomic analysis, a quality check was performed on the raw sequencing data using FastQC, then low-quality portions of reads were removed with BBDuk. The minimum length of the reads after trimming was set to 35 bp and the minimum base quality score to 25. The high-quality reads were aligned against the Arabidopsis thaliana reference genome sequence (TAIR10) with STAR aligner (version 2.5.0c). The mapping files containing the reads matching the A. thaliana genome were used with FeatureCounts (version 1.4.6-p5) together with the most recent A. thaliana annotation to calculate gene expression values as raw read counts. Normalized TMM values were also calculated. All the statistical analyses were performed with R with the packages HTSFilter and edgeR. The first step was the removal of not expressed genes and the ones showing abnormal variability. The HTSFilter package was chosen for this scope, which implements a filtering procedure for replicated transcriptome sequencing data based on a Jaccard similarity index. The 'Trimmed Means of M-values' (TMM) normalization strategy was used. The overall quality of the experiment was then evaluated, on the basis of the similarity between replicates, by a PCA analysis using the normalized expression values of the filtered genes. The differential expression analysis was performed to identify the genes that are differentially expressed in all comparisons. Only genes with FDR equal or lower than 0.05 were considered. In order to obtain an informative functional interpretation of the differential expression analysis, a Gene Ontology Enrichment Analysis (GOEA) was carried out with in-house scripts based on hypergeometric test as described (Du et al., 2010) . The P-values of the hypergeometric test were then corrected for multiple testing using the Benjamini-Hochberg method, thus obtaining the FDR values. The GO categories showing an FDR lower than 0.05 were considered significant.
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